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Vortices are topological objects carrying quantized orbital angular momentum and have been
widely studied in many physical systems for their applicability in information storage and processing.
In systems with spin degree of freedom the elementary excitations are so called half-vortices, carrying
a quantum rotation only in one of the two spin components. We study the spontaneous formation
and stability of localized such half-vortices in semiconductor microcavity polariton condensates,
non-resonantly excited by a linearly polarized ring-shaped pump. The TE-TM splitting of optical
modes in the microcavity system leads to an effective spin-orbit coupling, resulting in solutions with
discrete rotational symmetry. The cross-interaction between different spin components provides an
efficient method to realize all-optical half-vortex core switching inverting its circular polarization
state. This switching can be directly measured in the polarization resolved intensity in the vortex
core region and it can also be applied to higher order half-vortex states.
I. INTRODUCTION
Vortices carry quantized orbital angular momentum
(OAM), also known as topological charge, and have been
widely studied in many physical systems. Considering
spin degree of freedom the elementary excitations are so
called half-vortices (HV). A HV refers to a vortex state
carrying quantized OAM in one component of a spinor
system, while in the other component there is a funda-
mental mode (FM) without OAM, distinguishing them
from full-vortices (FV) with the same OAM in both com-
ponents and spin-vortices (SV) with the oppotsite OAM
in both components. HVs have been predicted and ob-
served in superconductors1,2, 3He superfluids3,4, antifer-
romagnetic atomic condensates5–8, as well as exciton-
polariton condensates9–11.
Exciton-polaritons are half-light half-matter quasi-
particles formed in semiconductor microcavities with
strong coupling of quantum-well (QW) excitons and cav-
ity photons. The hybrid nature enables polaritons to
be optically excited through their photonic part, and to
strongly interact with each other through their excitonic
part, with the latter giving rise to strong optical non-
linearities. With the polarization dependence of micro-
cavity polariton excitations, a complex interplay of TE-
TM cavity-mode splitting in the linear optical regime
and spin-dependent exciton-exciton interactions in the
nonlinear regime arises. The latter leads to repulsive
polariton-polariton interaction for two polaritons in the
same circular polarization component and, for the spec-
tral range considered here, an attractive (cross-species)
interaction between polaritons with opposite circular po-
larization12,13. A number of interesting phenomena re-
garding spinor polaritons in semiconductor microcavi-
ties have been observed, such as the optical spin-Hall
effect14–16, formation of Skyrmions17, and HVs9–11.
HVs in polariton condensates can be excited by res-
onant pumping through direct imprinting of OAM18 or
form spontaneously through disorder scattering19. Under
non-resonant excitations they can also be formed spon-
taneously due to sample defects 10,20. The subsequent
optical HVs emitted from the microcavity are defined by
a circular polarized light field in the core region with
frequencies, in general, lower than those of FVs. How-
ever, until now localized HVs, spontaneously formed un-
der non-resonant excitation via linearly polarized pumps
have not been investigated, although localized vortices
have been intensively investigated in scalar polariton con-
densates (considering only one circular polarization com-
ponent)21–25. Localized vortices are beneficial as they are
spatially trapped and can also carry information with
higher topological charges. Using a ring-shaped trap a
different type of half-quantum circulation can be real-
ized characterized by a spin flip and linear polarization
reversal on opposite sides of the ring26. Recent work
shows that due to a spatial dislocation of the pump ring
centers in different polarization components a state with
a fundamental mode in one component and a topological
state oscillating between m=±1 in the other component
can be generated27.
In this work, we report localized HVs in polariton con-
densates, excited by a ring-shaped non-resonant pump.
Importantly, we find an all-optical method to switch the
OAM of the HV from one component to the other due to
the attractive cross-interaction by applying a resonant
circularly polarized pulse. Such kind of switching re-
verses the circular polarization direction of the emitted
light from the vortex core, realizing optical vortex core
switching in analogy to the switching dynamics widely
studied in magnetic systems, promising applications in
data-storage devices28–31. In contrast to our previous
work where the topological charge of a localized vortex
is inverted by a non-resonant pulse25, here we switch be-
tween left and right circularly polarized HVs using a reso-
nant pulse. This polarization reversal happens due to the
resonant pulse which directly imprints a vortex charge in
its corresponding spin component, while destabilizes the
prexisting vortex in the opposite spin component. It is
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2FIG. 1. (a) Sketch of the planar semiconductor microcav-
ity excited by a linearly polarized non-resonant ring pump.
A circularly polarized resonant ring pulse is used to achieve
vortex core switching. (b) Density (µm−2) and phase of the
two circular polarization components for a half-vortex (−1, 0)
with ∆LT=0. Pump radius is wp=4.5 µm. (c) Sketch of
the normal-mode splitting of the polariton dispersion into
upper (UPB) and lower (LPB) polariton branch (solid), as
well as the bare cavity and exciton dispersion (dashed). Also
schematically indicated are the condensate components for
the half-vortex state.
worth mentioning that in scalar condensates the phase of
a vortex needs to be measured to confirm the sign of its
topological charge (or rotation direction) as a binary in-
formation because the density in the core region is zero.
The HV states in spinor condensates lead to a nonzero
density in the vortex core with pure circular polariza-
tion, which provides an easy way to probe the binary
polarization information by only measuring the polariza-
tion resolved density in the core region. Higher-order
HV states with the vortex component carrying a higher
topological charge |m|>1 are also studied and we show
that they can be switched either to a lower energy FV
or SV state or to an oppositely polarized HV state, en-
abling multi-level switching configurations. Besides HVs
the linearly polarized ring-shaped excitation setup can
also support FVs as well as both FMs. Considering the
TE-TM splitting, there is a debate about the stability of
HVs in the conservative system32–34. Here, we find that
HVs are still stable in the presence of loss and gain, even
if the TE-TM splitting value is significant. In agreement
with previous work, the gain acts stabilizing for these vor-
tices35. With TE-TM splitting, the profiles of the HVs
become warped instead of being centrosymmetric36. The
paper is organized as follows. In Section II we introduce
the model and discuss the multistability of different lo-
calized vortex solutions in a spinor polariton field excited
by a ring-shaped non-resonant pump. In Section III we
present a method to switch between different polarized
HVs, discuss the physical mechanism, and show a repre-
sentative example. In Section IV we extend the switching
scheme to higher order states and additionally discuss the
effect of TE-TM splitting on the solutions’ symmetries.
II. MODEL
We use the driven-dissipative Gross-Pitaevskii equa-
tion coupled to the density of an incoherent reservoir to
describe the dynamics of the polariton condensate close
to the bottom of the lower polariton branch in the circu-
lar polarization basis37
i~Ψ˙± =
[
H − i~γc
2
+ gc|Ψ±|2 − gx|Ψ∓|2 (1)
+ (gr + i~R2 )n±
]
Ψ± +H±Ψ∓ + E±
n˙± =
(−γr −R|Ψ±|2)n± + P± . (2)
Here the indices ± mark the right/left circular polar-
ization components. H=− ~22meff∇2 is the free particle
Hamiltonian with effective polariton mass meff . γc and
γr are the decay rates of the condensate and the reservoir
with the relation γr = 1.5γc. We would like to note that
the ratio we used here21,38 indicates that the reservoir
decays much faster than that observed in experiments.
The reason is that the simple GP model does not in-
clude the energy relaxation39 happening during the con-
densation. It has been shown that the energy relaxation
significantly influences the dynamics of the condensate
when the pump intensity is much larger than the thresh-
old, but its influence becomes weaker as the pump inten-
sity decreases, especially when the pump power is just
above the threshold40. Interaction strength between po-
laritons with parallel (opposite) spins is described by gc
(gx). Condensation rate and condensate-reservoir inter-
action are given by R and gr. H
±=∆LT
k2LT
(i∂x ± ∂y)2 de-
scribes the effect of TE-TM splitting intrinsically present
in microcavities41. Parameters used are explicitly given
below in Ref.42. E± represents an optional coherent con-
trol beam. The system is excited non-resonantly with
an x-linearly polarized continuous-wave ring pump with
radius wp and intensity P0 = 5 · Pthr with condensation
threshold Pthr, i.e.
P+ = P− = P0 r
2
w2p
e−r
2/w2p . (3)
Vortex states can be characterized by two topologi-
cal charges, denoted as (m+,m−) ∈ Z2 hereinafter, de-
scribing the rotation 2pim± of the phases of the cor-
responding components Ψ± while encircling the vortex
core center. In the present driven-dissipative system de-
scribed by Eqs. (1) and (2) excited by an incoherent ring-
shaped pump, localized vortex solutions are stabilized
due to the balance between outgoing propagation of the
condensate and the confinement of the reservoir-induced
potential21,35. Generally, the vortices can be stable only
3FIG. 2. Schematic arrangement of the four elementary half-
vortices (bold) together with the next nearest full-vortices and
fundamental-mode states. Numbers in brackets refer to the
topological charges (m+,m−) of the two polarization compo-
nents. Blue arrows indicate possible vortex core switching.
Grey arrows represent OAM imprinting in one component
without changing the other one. Corners show pseudospin
component Sz (degree of circular polarization) in real space
near the core region in the cavity plane for the four elementary
HVs.
when their radii are smaller than the reservoir poten-
tial. This balance is achieved by reshaping the reservoir-
induced potential through condensate-reservoir interac-
tions and induced scattering rate. The reshaping of the
reservoir potential is more pronounced if the vortex ra-
dius increases by carrying higher topological charge. In
this scenario, vortex states may be unstable when their
radius exceeds the radius of the potential. In our numeri-
cal simulations based on Eqs. (1) and (2) in 2D real space
we find stable HV solutions which can either arise from
random white noise or be initialized by corresponding
initial conditions (coherent imprinting of a HV). They
remain stable if exposed to random noise (with 5% of
the solution magnitude) during the time evolution, ev-
idencing that the solutions are very robust. HVs are
states where a m=±1 charged vortex exists in one com-
ponent while there is no vortex (m=0) in the other com-
ponent. Figure 1(b) shows densities and phases of the
HV (−1, 0) for the two polarization components. Also
schematically shown are the spectra of the two conden-
sate components for the HV state on the lower polariton
branch in Fig. 1(c), indicating that the non-vortex and
vortex state have different energies, representing ground
and first excited state of the system. In contrast to FVs
and SVs, HVs have a singularity in only one polarization
component. In the center of the HV core, this results
in pure right circular polarization for right HVs (0,±1)
and pure left circular polarization for left HVs (±1, 0).
The corners of Fig. 2 show the pseudospin component
Sz=(|Ψ+|2−|Ψ−|2)/(|Ψ+|2+|Ψ−|2) for the four elemen-
tary HVs in the core region which is directly related to
the degree of circular polarization of the emitted light43.
Besides the four HVs (bold in Fig. 2), we find that FVs
FIG. 3. Vortex core switching from (−1, 0) to (0,−1). Den-
sities (µm−2) and phase profiles of (a) the initial and (b)
the final state. (c,d) Spectra in real space, corresponding to
(a,b), respectively. Grey dashed arrow represents imprint-
ing of a vortex state in the Ψ− component due to the reso-
nant control beam, while the blue arrow shows the simulta-
neous transition into the ground state of the Ψ+ component.
Pump radius is wp=4.5 µm. Control pulse parameters are:
E0 = 2.5×10−3 µm−3, wt=35 ps, wc=6 µm.
with |m±|=1 and FM with m±=0 are also stable for the
same parameters and under the same excitation condi-
tions. Including TE-TM splitting does not affect the sta-
bility of the solutions but in general lifts the degeneracy
of the FVs44,45 as well as breaks the cylindrical symme-
try33 and only a reduced discrete symmetry is conserved
depending on the difference of the two topological charges
∆m=m+−m−, resulting in the reshaping of the density
distributions (see Section IV below). The orientations
of the patterns rotate over time with periods of about
400 ps for the parameters in the present work. The pe-
riod depends on the TE-TM splitting strength. We note
that an alternative description of HVs in the linear po-
larization basis uses the polarization and phase rotation
winding numbers (k,m)9,46, with the following relation
to our notation: k=(m−−m+)/2, m=(m++m−)/2.
III. HALF-VORTEX SWITCHING
We demonstrate reversible on-demand switching be-
tween left and right HVs using a coherent control pulse
in only one circular polarization component
E± = E0 r2 e−r
2/w2c eimcϕ e−iωcte−(t−t0)
2/w2t . (4)
The control pulse is also ring-shaped with radius wc and
carries a topological charge mc. The frequency ωc is cho-
sen to be nearly resonant with the component where the
control pulse is applied.
4FIG. 4. Densities of both components during the switching
process at three different times [(a)-(c)] for the example shown
in Fig. 3. Black arrows represent vortex trajectories. The
resonant pulse applied to Ψ− has an Gaussian envelope in
time centered at t=0 with width wt=35 ps. (a) Vortex in
Ψ− spirals in due to the resonant pulse. (b) Pulse maximum
is reached. Vortex in Ψ+ starts to precess demonstrating it
has become unstable. (c) Vortex in Ψ+ spirals out of the
condensate (black arrow).
Starting with a stable HV state a circularly polar-
ized coherent control pulse, carrying topological charge
mc=±1, is applied to the FM component. This pulse
imprints a vortex into the initial FM component [right
panel in Fig. 4(a)] and simultaneously induces an attrac-
tive potential for the other component due to the attrac-
tive cross-interaction−gx|Ψ∓|2. The density of the initial
vortex in the cross-polarized component becomes broader
and the balance between the condensate and reservoir,
which is key for the vortex stability, is broken. An exam-
ple of the effective potential landscape during the switch-
ing is shown in Fig. 5. As a result, the initial vortex is
no longer confined and spirals out of the condensate due
to the pulse induced imbalance [left panels in Figs. 4(b)
and 4(c)]. The switching does not depend on the total
OAM transferred by the resonant pulse as long as the
imprinted vortex is stable (after the pulse is gone) and
there is no OAM conservation rule actively acting47,48.
Important for the switching is the shape and amount of
the cross-polarized density, since the destabilization and
removal of the vortex in the other component is solely
caused by the transient dynamics in the effective poten-
tial landscape while the control pulse is present. If the
intensity and radius of the control pulse are sufficiently
large the initial vortex in the cross-polarized component
becomes unstable and leaves the condensate. Effectively,
FIG. 5. Distributions of the reservoir induced potential
(green), repulsive self-interaction (blue), and attractive cross-
interaction (red) experienced by the Ψ+ component for the
switching example shown in Fig. 3 and 4. Black dashed line
shows the total effective potential (sum of the three parts). (a)
Without control pulse E−=0. (b) With control pulse E− 6=0
and at the time where the maximum intensity is reached [Fig.
4(b)].
this component transitions into the ground state (FM),
while a vortex is imprinted in the other component. This
switching process results in the reversal of the circular
polarization in the HV core while the OAM is switched
from one polarization component to the other one. If
the intensity or the duration of the control pulse are
not sufficient, it just imprints its vortex state while the
other component stays the same, i.e. a FV or SV state
with a nonzero topological charge in both components
is created. Figure 6 shows the time-integrated density
induced by the resonant pulse normalized to the time-
integrated density induced by the non-resonant pump in
order to observe the HV vortex core switching in depen-
dence of the cross-/co-polarized interaction strength ra-
tio. A lower cross-interaction strength can be compen-
sated by a higher pulse power which itself generates a
higher cross-polarized density.
Figure 2 shows the possible transitions between the
four elementary HVs (blue solid arrows) as well as the
imprinting of a desired target state (grey dashed arrows).
Since the switching mechanism is density induced it does
not depend on the sign of the topological charge of the
control pulse, which means one can switch from a partic-
ular left (right) HV to both other right (left) HVs. An
example in Fig. 3 shows the density and the phase of
the initial HV state (−1, 0) [Fig. 3(a)] and the switched
state (0,−1) [Fig. 3(b)]. In this case, a coherent pulse
with mc=−1 is applied to the Ψ− component, in which
the OAM is imprinted (grey arrow) and it simultane-
ously triggers the Ψ+ component from m+=−1 to the
ground m+=0 state due to the cross-interaction (blue
arrow). Figure 5 shows the effective potential landscape
experienced by the initial vortex component Ψ+ during
the switching. The pulse induced cross-polarized den-
sity suppresses the vortex confinement by the reservoir
induced effective potential (cf. Fig. 5(b)). For the ex-
ample shown we use a pulse duration of wt=35 ps and
5FIG. 6. Time-integrated density induced by the resonant
pulse 〈|Ψpulse|2〉 normalized to the time-integrated density in-
duced by the non-resonant pump 〈|Ψpump|2〉 in order to ob-
serve the HV vortex core switching in dependence of the cross-
/co-polarized interaction strength ratio. This behavior does
not depend on the absolute values of the pulse amplitude and
duration, but on the time-integrated pulse-induced density.
’ON’ marks the parameter region where the HV switching
mechanism works. ’OFF’ marks the parameter region where
the control pulse just imprints a vortex in the corresponding
component, without removing the vortex in the other compo-
nent, and as a result a FV or SV state is created.
the switching process is completed within 150 ps. Addi-
tionally, the change of density distributions from lemon
[Fig. 3(a)] to star [Fig. 3(b)] geometry due to finite
TE-TM splitting is clearly visible. The corresponding
spectra in real space are shown in Figs. 3(c) and 3(d),
evidencing the vortex core switching process as the simul-
taneous inversion of two coupled two-level systems. This
method presented above provides a platform to perform
reversible on-demand all-optical switching between left
and right HVs which is largely unaffected by variation
of the extrinsic parameters. Another advantage of this
vortex core switching process is that it can be detected
by simply measuring the polarization resolved intensities
in the core region.
IV. HIGHER ORDER STATES AND EFFECT
OF TE-TM SPLITTING
Increasing the radius of the pump stabilizes vortex
states with higher topological charges |m±|>1 while pre-
serving stability of the ground state and lower order
states up to a certain threshold radius23. Higher order
vortex states with one component in the ground state,
i.e. (m+, 0) or (0,m−), can be exploited for multi-state
switching processes. Depending on the intensity and du-
ration of the control pulse, the topological charge of the
initial vortex component can be reduced to a lower one or
down to the ground state, providing different switching
configurations. Starting with a higher order state (m+, 0)
with |m+|>1, a control pulse with arbitrary topological
charge mc (provided that it is stable), applied to the Ψ−
FIG. 7. (a) Densities (µm−2) and phase profiles of the higher
order HV state (2, 0). (c) Spectrum in real space of (a). (b,d)
Spectra of possible vortex core switching target states (b)
(1,−1) and (d) (0,−1) depending on the intensity of the con-
trol beam. Pump radius is wp=6 µm
component, can induce transitions to the state (m′+,mc)
with |m′+|=|m+|−j for j=0 to |m+|. Figures 7(b)-7(d)
show the possible vortex core switching from initial state
(2, 0) to (1,−1) or to (0,−1) as an example using a con-
trol pulse with topological charge mc=−1 applied to the
Ψ− component. Which final state is targeted depends on
the intensity and duration of the control pulse. The tran-
sient dynamics show that first the m+=2 vortex becomes
unstable, splits into two m+=1 vortices, which then one
after the other, spiral out of the condensate. Note that
the |m|=2 vortices are often topologically unstable in
experiments, but they are dynamically stable with the
density minimum undergoing dynamical splitting and re-
combination21,49, which might make the higher-order HV
switching easier. In this case, however, the direct mea-
surements of the polarization intensity in the vortex core
may not be the method of choice for detection anymore.
Instead, OAM-sorting25 could be used.
For conservative systems in equilibrium without loss
and gain, it was shown that including TE-TM split-
ting leads to cylindrical symmetry breaking, visible as
deformations of HV density distributions and phase
profiles33,36,50. Based on our numerical simulations, we
find that this effect is also observed for non-equilibrium
systems. Therefore, besides having different energies,
higher order states can also be sorted into different sym-
metry groups regarding the approximate geometry of
their density distributions. The topological charge dif-
ference ∆m≡m+−m− determines the shape and there-
fore the corresponding symmetry group which is given by
the orthogonal group O(2) for ∆m=−2 (cylindrical sym-
metry) and by the dihedral group Dn with n=|∆m+2|
otherwise [Fig. 8(a)]. The first 7 symmetry groups start-
ing from the cylindrical up to hexagonal symmetry are
schematically shown in Figs. 8(a). As part of the discus-
sion above, in this paper we explicitly show the follow-
ing shapes: lemon for ∆m=−1 [Fig.3(a)], star for ∆m=1
[Fig. 3(b)] and square for ∆m=2 [Fig.7(a)]. The cylindri-
6FIG. 8. (a) Reshaping of density distributions due to TE-
TM splitting depending on the topological charge difference
∆m≡m+−m−. The geometric shapes (from left to right) are
circle, lemon, ellipse, star, square, pentagon, and hexagon,
respectively. Density and phase profiles of the states (b)
(3, 0) (pentagon) and (c) (4, 0) (hexagon). Pump radii are
wp=10 µm for (b) and wp=12 µm for (c). The orientations
of the patterns rotate over time with periods of about 400 ps.
cally symmetric case ∆m=−2 and the ellipse for ∆m=0
are not shown. Additionally, Fig. 8(b) and 8(c) show the
pentagon and hexagon for ∆m=3, 4. It is worth mention-
ing that for the higher HV states in Figs. 8(b) and 8(c)
the polarization of the vortex core can also be switched
by the same method presented above.
V. CONCLUSION
We have investigated localized HVs in driven-
dissipative polariton condensates with finite TE-TM
splitting and spin-dependent interaction. The latter is
used to realize optical vortex core switching between left
and right HVs, which is characterized by circular po-
larization reversal of the emitted light from the vortex
core. In this scenario, only polarization resolved inten-
sity measurement in the core region of the emitted light is
required instead of extracting the phase information. We
also showed that this switching scheme can be extended
to higher order states, leading to multi-state switching
configurations.
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